The presence of marijuana in the United States was first recorded in 1611 and the substance remained largely unregulated until the beginning of the 20th century (for a review of historical legislation on marijuana in the United States, see Pacula et al. 1 ). Before the 20th century, marijuana was commonly prescribed by physicians for a variety of medical conditions. A rise in nonmedical marijuana use in the early part of the 20th century, coupled with societal reform on the recreational use of many substances (including alcohol), resulted in the first legislation aimed at regulating marijuana in the United States. Since then the legal status of marijuana has evolved; the drug became progressively more regulated through the 1970s, at which point marijuana was categorized as a Schedule I drug (illegal under federal law, with no currently accepted medical use) according to the Federal Controlled Substances Act. 2 After the federal government classified marijuana as a Schedule I drug, states began passing their own legislation that addressed the medical use of marijuana. 1 Most state legislation was specific to research programs or did not include provisions protecting physicians and patients from penalties, and as such these laws did not really promote the medical use of marijuana. California passed the first medical marijuana law (MML) that included broad protections for patients and physicians in 1996, and since then 17 states and the District of Columbia have passed MMLs.
MMLs typically contain legal provisions that cover 4 dimensions of medical marijuana regulation ( Table 1 ). The first is the establishment of a state registry or identification cards for patients prescribed medical marijuana. The second dimension refers to state regulation of the practice of medicine (e.g., regulation of the patient---physician relationship, disease or condition limitations, and prohibition of disciplinary action or denial of privileges of a physician). Third, states can be arrayed according to their regulation of access to marijuana, including possession and cultivation limitations as well as retail---dispensary regulation. Finally, state MMLs are distinguished on the basis of affirmative defenses and legal protections for the medical marijuana patient, including protection from prosecution.
Concurrent with the gradual increase in state MMLs since 1996, national trends indicate declines in nonmedical marijuana use among adolescents from 1996 to 2008 followed by increases from 2008 to 2010. 3 Some have suggested that passage of state MMLs may be contributing to recent increases in nonmedical marijuana use among adolescents, sparking a national debate regarding the legal status of marijuana. Moreover, noting the lag between the enactment of California's MML in 1996 and the recent increases in adolescent marijuana use beginning in 2008, there may be a delayed effect of MMLs on adolescent marijuana use.
Theoretically, MMLs might make marijuana cheaper and more easily accessible to adolescents. The laws might reduce perceptions of the harmfulness or toxicity of marijuana and might increase the social acceptability of marijuana use. On the basis of such suppositions, MMLs might be expected to increase nonmedical marijuana use among adolescents. By contrast, the laws' function of labeling marijuana as a medication for severely ill patients could reduce the perception of marijuana as a recreational drug, thus resulting in reduced nonmedical marijuana use among adolescents. Moreover, MMLs might not increase adolescents' ease of access to marijuana if, as a result of minimal enforcement of marijuana prohibitions, the drug is already functionally decriminalized.
Early research on the potential impact of MML passage on marijuana use did not reveal any effects. 4, 5 A report from the Marijuana Policy Project Foundation evaluated marijuana use via multiple state and national surveys in 12 states that had passed MMLs subsequent to 1996 and showed either no change or statistically significant decreases in marijuana use after enactment of policies. 6 Objectives. Medical marijuana laws (MMLs) have been suggested as a possible cause of increases in marijuana use among adolescents in the United States. We evaluated the effects of MMLs on adolescent marijuana use from 2003 through 2011.
Methods. We used data from the Youth Risk Behavior Survey and a differencein-differences design to evaluate the effects of passage of state MMLs on adolescent marijuana use. The states examined (Montana, Rhode Island, Michigan, and Delaware) had passed MMLs at different times over a period of 8 years, ensuring that contemporaneous history was not a design confound.
Results. In 40 planned comparisons of adolescents exposed and not exposed to MMLs across states and over time, only 2 significant effects were found, an outcome expected according to chance alone. Further examination of the (nonsignificant) estimates revealed no discernible pattern suggesting an effect on either self-reported prevalence or frequency of marijuana use.
Conclusions. Our results suggest that, in the states assessed here, MMLs have not measurably affected adolescent marijuana use in the first few years after their enactment. Longer-term results, after MMLs are more fully implemented, 7 Rates of marijuana use were significantly higher in states that enacted MMLs both before and after the policies had been enacted. The Wall et al. results highlighted the fact that states that eventually pass MMLs may differ in fundamental ways from those that do not pass such legislation. This preexisting cultural difference, rather than a causal link between MMLs and marijuana use, could account for higher rates of marijuana use.
To test this hypothesis, Harper et al. 8 conducted further analyses of the same data used by Wall et al., 7 employing a difference-indifferences study design and aggregating state marijuana use rates by age (12---17 years, 18---25 years, ‡ 26 years). Results showed no evidence of a significant increase in marijuana use immediately after the enactment of MMLs in any of the 3 age groups.
Despite being a topic of continuing policy debate, the empirical literature on MML effects remains quite limited. We used a survey data set different from that used by Wall et al. and Harper et al. and analyzed data at the individual survey respondent level rather than aggregate reported statewide prevalence rates, providing additional statistical power to detect what might be quite small but important effects of MMLs on adolescent nonmedical marijuana use.
METHODS
Seventeen states and the District of Columbia have enacted MMLs since 1996 (Table 1) . To ascertain the effects of MMLs on adolescent marijuana use, we treated enactment of these laws as a series of repeated natural experiments of a single conceptually similar intervention, even though specific legal provisions vary from state to state. States that eventually enact MMLs are particularly appropriate comparison states given that previous research has shown these states are more similar to one another in rates of adolescent marijuana use and perceptions of risk, even prior to passage of MMLs, than they are to states that have taken no action on MMLs. 7 A comparison of states in Table 1 with states for which relevant Youth Risk Behavior Survey 9 (YRBS) measures were available resulted in the selection of 4 focal study states: Montana, Rhode Island, Michigan, and Delaware. At different points in time, Rhode Island, Michigan, and Delaware served as untreated comparison states. The resulting "switching replications" design is illustrated in Figure 1 .
Data
Data were obtained from the YRBS. Data on marijuana use questions were available for both the focal states and their relevant comparison states from 2003 to 2009. Surveys were administered biennially with newly selected probability samples for each wave, providing repeated cross-sectional data.
In contrast to prior research that examined aggregate prevalence rates, 7, 8 we obtained individual-level YRBS data by state and year (n = 1814---4030). Analyses of individuallevel observations rather than statewide rates allowed us to include individual-level covariates, increasing the study's statistical power.
Variables
Demographic characteristics. All adjusted analyses controlled for age, ethnicity, and gender, because marijuana use is known to vary by these demographic characteristics. 10 Age was included as a continuous variable (range: 12---18 years). Ethnicity was coded as White, Black, Hispanic, or Other.
Outcome: adolescent marijuana use. We evaluated adolescent lifetime marijuana use and past-month use via 2 questions from the YRBS. 9 The distribution of responses for both of the questions was highly skewed. As a result, we dichotomized response options for both questions to reflect a yes or no response with respect to lifetime or past-month marijuana use. In a subgroup analysis limited to self-reported lifetime marijuana users, we used daily use yes---no and weekly use yes---no variables created from YRBS data on frequency of marijuana use in the past 30 days to examine frequency of marijuana use.
Predictor 
Analyses
We estimated regression models of the following form:
where Y i represents the outcome for participant i. S i is a state-level indicator (MML vs comparison) that captures state-level differences prior to MML passage. T i , the individual-level indicator (survey completed pre-MML vs post-MML), captures the secular trend that would have occurred in the absence of MML enactment. The interaction term, S i T i , is interpreted as the difference between the MML state and the comparison state in the average change in adolescent marijuana use from the prepolicy time period to the postpolicy period. The difference-in-differences method assumes that the 2 states would have had identical trends in adolescent marijuana use if the MML had not been enacted (i.e., that the interaction term is 0). X i represents a vector of control variables for participant i. Given the limitations of repeated cross-sectional data (i.e., unavailability of cohort data), the difference-in-differences approach is the strongest available method of identifying the causal effects of MMLs. 11 We used the linear probability model for all analyses because the outcome variables were dichotomous. This model was used in lieu of a nonlinear regression model because of the difficulty in interpreting interaction terms in nonlinear difference-in-differences models; when a nonlinear model is used, the modeled interaction term loses its differencein-differences interpretation and is no longer a reliable indicator of the magnitude or direction of the policy effect. 12 To account for the complex survey design of the YRBS, we used the PROC SURVEYREG feature of SAS version 9.2 (SAS Institute, Cary, NC) to run all of our models.
Even after accounting for the nonindependence caused by the YRBS's complex survey design, there could be a cohort effect such that Participants surveyed in the same year may respond more similarly to one another than they would to participants surveyed in other years (Figure 1 ). To account for this correlation, we treated survey year as an additional design stratum. A limitation of linear probability models is that they lead to heteroskedastic estimates of standard errors, potentially resulting in incorrect statistical inferences. Therefore, heteroskedastically robust jackknife standard errors were used to calculate all t statistics and P values. Another limitation of linear probability models is their potential to predict individual probabilities outside the range of 0---1. In this study, 7 of the covariate-adjusted models were found to predict values outside the 0---1 range. Our adjusted models predicting values outside the 0---1 range should not be interpreted directly, but the corresponding unadjusted models can be freely interpreted.
RESULTS
Results are reported separately for the effects of MMLs on the prevalence and frequency of adolescent marijuana use. Effects on prevalence were evaluated for the full sample, whereas effects on frequency were evaluated for a restricted sample of adolescents who reported ever having used marijuana.
Full Sample
None of the models unadjusted for demographic characteristics revealed a statistically significant MML effect on the prevalence of either lifetime or 30-day marijuana use (Table 2) , a result visually confirmed by the plot of marijuana use by survey year and state in Figure 2 . The similarity in adolescent marijuana use trends across time and states is evident. After controlling for demographic factors, Montana showed a statistically smaller decrease than Delaware in the probability of lifetime marijuana use between 2003 and 2009 (B = 0.071, t 250 = 2.21, P = .03). No other adjusted comparisons yielded a statistically significant difference (P < .05).
Thus, of the 20 models matching our 20 planned comparisons in the study design, only one yielded a statistically significant result, a finding that would be expected according to chance alone. Although some of the covariate-adjusted models indicated predicted probabilities outside the 0---1 range, results from corresponding covariate-free models produced similar results, with no significant MML effects evident. Examination of the (nonsignificant) estimates revealed no discernible pattern suggesting an effect on either self-reported lifetime marijuana use or self-reported use during the preceding 30 days.
A Restricted Sample of Marijuana Users
In the 20 comparison analyses conducted, only a single unadjusted model produced a statistically significant difference with respect to changes in frequency of marijuana use among self-reported users ( Table 2 ). In the unadjusted model, Montana showed a statistically significant decrease in daily marijuana use between 2003 and 2009, as compared with the increase observed in Delaware over the same period (b = -0.063, t 249 = -2.13, P = .03). Again, a single significant result in a set of 20 comparisons can be accounted for by chance alone.
Once more, although some of the covariate-adjusted models showed predicted probabilities outside the 0---1 range, results from corresponding covariate-free models produced similar results, with only the one significant MML effect evident. Finally, examination of the (nonsignificant) estimates revealed no discernible pattern suggesting an effect on frequency of marijuana use among self-reported users.
DISCUSSION
We found no evidence of intermediate-term effects of passage of state MMLs on the prevalence or frequency of adolescent nonmedical marijuana use in the states evaluated, with 2 minor exceptions. From 2003 through 2009, adolescent lifetime prevalence of marijuana use and frequency of daily marijuana use decreased significantly in Montana, as compared with a more modest decrease in lifetime prevalence and an increase in daily frequency observed in Delaware (Ps = .03). These 2 statistically significant findings do not appear to represent real effects. Our difference-indifferences study design involved 40 planned comparisons (before---after differences in treatment vs comparison states), and naturally 2 significant results (at the P < .05 level) of a possible 40 can be expected according to chance alone. Moreover, the pattern is not consistent with an effect of MMLs. A significant effect was found for lifetime marijuana use but not pastmonth marijuana use. Self-reported lifetime use requires a much longer recall period than past-month use and is characterized by higher measurement error. 13 Also, one would expect the 30-day use measure to be more sensitive than lifetime use to the effects of a change in MMLs, because most of the period covered by respondents' lifetime reports occurred before passage of an MML.
Finally, the significant increase in daily marijuana use was observed for the comparison state of Delaware, which had not enacted an MML during the years under evaluation, whereas the frequency of daily marijuana use in Montana decreased. This is the opposite of what would be expected if MMLs had the deleterious effect of increasing the frequency of nonmedical marijuana use.
Conversely, the significant effects observed were found between the 2 states that differed the most on the timing of MML enactment, maximizing the length of the follow-up period. Hence, it is reasonable to suspect that enacting an MML may influence the prevalence and frequency of adolescent nonmedical marijuana use half a decade later, despite no evidence of more proximal effects. Resolving whether MMLs have longer-term effects on adolescent marijuana use that differ from the results observed to date will require future studies with follow-ups of longer duration.
According to a post hoc power analysis of our models focusing on the YRBS data set, an effect of MMLs on adolescent marijuana use would have to be in the range of 2.5 to 5 percentage points to be statistically detectable. As a comparison, the Monitoring the Future national survey revealed that adolescent reports of annual marijuana use increased from 21% in 2007 to 25% in 2011, 3 a change that falls within the range of statistically detectable effects in our study. marijuana use and its harmfulness, and frequency and intensity of marijuana use.
The details of MMLs and the implementation of specific components of these laws vary considerably from state to state, and such variations are likely to increase as additional states experiment with alternative approaches. For instance, of the states evaluated in this study, Michigan was the only one that did not set up a dispensary system. Medical marijuana dispensaries may make access to medical marijuana easier for both medical and nonmedical use.
Colorado's MML went into effect in 2001, but restrictions on cultivation and distribution were relaxed much later, in 2009, resulting in more retail dispensaries. A recent Colorado study showed that 74% of adolescent patients in a substance abuse treatment program reported having used diverted medical marijuana. 16 The situation in Colorado illustrates that MMLs are not static over time, and either more restrictive or less restrictive changes to the laws may be made subsequent to enactment.
Detailed implementation studies of processes within individual states are warranted to determine whether specific components of MMLs or alterations of MMLs within states are linked to increased diversion of marijuana to nonmedical use or changes in mental and physical health outcomes. In addition, some states already have, and others might implement, decriminalization policies, which might interact with MMLs in changing norms around and availability of marijuana. Outright legalization is also under active debate as a policy option. And some states may already have, or move toward, de facto legalization if existing prohibitions are unenforced. Lack of detailed implementation data on enforcement of various state marijuana legal provisions, marijuana markets and prices across states and over time, and actual physical accessibility of marijuana among young people is a clear limitation of our study and warrants more attention in future research.
Conclusions
Research on the effects of medical marijuana policies is in its early stages. Further studies on the influence of MMLs on marijuana use among adolescents are needed given associations between adolescent marijuana use and untoward outcomes such as unintentional injuries, emergency room visits, justice system involvement, and mental health and academic problems. Given the public health risks of widespread marijuana use, it is heartening that, in the states evaluated here, MMLs do not appear to have significantly increased the prevalence or frequency of adolescent marijuana use in the first few years after their enactment. However, the legal status of marijuana is continuing to evolve, with more lenient legislation potentially conveying considerable risks of deleterious public health outcomes. As such, the effects of marijuana policies on public health are deserving of continued close attention by public health scientists and practitioners. j
